The expression characteristics of the pl0, polyhedrin and basic protein promoters of Autographa californica nuclear polyhedrosis virus were compared using two reporter enzymes, juvenile hormone esterase (JHE) and fl-galactosidase. In these systems, JHE is exported from the cell and fl-galactosidase is localized to the cytosol. Expression of JHE from the basic, pl0 and polyhedrin promoters was first detected in the medium at 13, 19 and 27 h post-infection respectively. The basic protein promoter yielded the highest expression of the three promoters tested for both enzymes, as determined by protein and enzyme activity assays. In addition, yields of fl-galactosidase and JHE under control of the pl0 promoter are higher relative to expression under control of the polyhedrin promoter. These data highlight the importance of investigation of viral promoters other than the polyhedrin promoter for high yield protein expression in vitro, and for insecticidal use of recombinant baculoviruses requiring high levels of expression. The results support revision of the current concept that very late viral promoters are always optimal for high yield recombinant protein expression.
Introduction
Baculoviruses are arthropod-specific viruses studied extensively both for their potential as insecticidal agents (Entwistle & Evans, 1985) and as expression vectors for prokaryotic and eukaryotic proteins (Luckow & Summers, 1988; Miller, 1989; O'Reilly et al., 1992) . The factors for consideration when determining the promoter to be used for foreign gene expression in the baculovirus system vary according to the primary purpose of the recombinant. For use as improved insecticidal agents, the requirements for the timing and extent of foreign protein expression by the engineered virus are largely dependent on the protein concerned and its mode of action in killing the insect. For rapid effects on pest insects exposed to recombinant viral insecticides, low levels of expression early after infection may be more favourable than high level expression later (Stewart et al., 1991; McCutchen et al., 1991; Tomalski & Miller, 1991) . In contrast, for expression of proteins for pharmaceutical applications, yield is the prime consideration, although early production still offers advantages when authenticity (e.g. correct glycosylation) is required.
Current baculovirus expression technology is based on the exploitation of the polyhedrin and pl0 promoters active during the very late phase of virus infection (Kelly & Lescott, 1981) , and the finding that deletion of the polyhedrin-or pl0-coding sequences from the viral genome does not impair viral replication in vitro (Vlak et al., 1988; Fraser et al., 1983; Miller, 1988; Blissard & Rohrmann, 1990) . Hence, these genes can be replaced by foreign genes for high level expression of the foreign protein under control of either the polyhedrin or pl0 promoter. The basic protein promoter of Autographa californica nuclear polyhedrosis virus (AcMNPV) has also been used for protein expression purposes. The 6.9K arginine-rich basic protein is expressed during the late phase of viral infection. The basic protein promoter has been duplicated in place of the polyhedrin gene in the plasmid pAcMP1 (Hill-Perkins & Possee, 1990) .
The coding sequence for juvenile hormone esterase (JHE) from the cotton budworm Heliothis virescens has been incorporated into different AcMNPV constructs for 0001-2135 © 1994 SGM use as an insecticidal agent (Hammock et al., 1990a; Bonning et al., 1992; Eldridge et al., 1992; Bonning & Hammock, 1993) . The coding sequence includes a 19 amino acid leader which signals export of expressed JHE from cells into the medium in cell culture. In vitro analysis of expression of JHE by recombinant viruses showed that the pl0 promoter is active several hours earlier than the polyhedrin promoter Roelvink et al., 1992) . Conflicting results concerning the relative yields of JHE expressed under the control of the pl0 promoter in pl0-positive ) and pl0-negative (Roelvink et aL, 1992) viruses prompted further comparative analysis of these expression vectors. In the first of these studies expression of JHE under control of the pl0 promoter was consistently higher than expression under control of the polyhedrin promoter. In contrast, Roelvink et al. (1992) found that the reverse was true for the pl0-negative virus at later times after infection.
In this study, the expression characteristics of the recombinant viruses expressing JHE, an extracellular enzyme, were compared to those of the same constructs expressing fl-galactosidase, a commonly used intracellular reporter enzyme, under control of the polyhedrin, p 10 protein or basic protein promoter. Specifically, timing of the onset of protein expression and protein yield were determined for each viral construct.
Methods
Viruses. The virus AcRP23. JHE expresses JHE under control of the polyhedrin promoter in a polyhedrin-negative construct (Hammock et al., 1990 a;  Table 1 ). Two viruses expressing JHE under control of the pl0 promoter were used: AcPR1 is a polyhedrin-positive, pl0-negative virus (Roelvink et al., 1992) which also expresses fl-galactosidase (Vlak et al., 1990;  Table 1 ) and AcUW2(B).JHE is a polyhedrin-positive, pl0-positive virus . In AcUW2(B).JHE, JHE expression is driven by a duplicated pl0 promoter which is adjacent to the polyhedrin promoter in the AcMNPV genome (Weyer et at., 1990) . A virus expressing modified JHE altered by site-directed mutagenesis of the active site serine to produce inactive enzyme, was used as a negative control. This virus is identical to AcUW2(B).JHE except that the protein expressed has no catalytic activity (Ward et al., 1992) . The expression characteristics of a recombinant virus employing the basic protein promoter were also analysed in this study. (Hammock et al., 1990b) was ligated into the BgllI cloning site of the baculovirus transfer vector pAcMP1 (HillPerkins & Possee, 1990 ) using standard techniques (King & Possee, 1992) . The construct of the recombinant transfer vector was verified by restriction enzyme analysis. Cotransfection of the plasmid pAcMP1 .JHE with DNA from the virus AcUWl-PH (Weyer et al., 1990) resulted in a basic protein-positive, polyhedrin-positive, pl0-negative virus, the polyhedrin being under control of the p 10 promoter at the pl0 locus.
Expression offl-galactosidase by the viruses AcUW2(B). lacZ (Weyer et al., 1990) , AcRP23. lacZ (Possee & Howard, 1987) and AcMP1. lacZ (Hill-Perkins & Possee, 1990 ) was compared with expression of JHE by AcUW2(B). JHE, AcRP23. JHE and AcMP1. JHE. All transfer vectors used in the construction of these recombinant viruses had previously been optimized for high level expression by analysis of sequences upstream of the viral promoter used (Weyer et al., 1990) .
Analysis of reporter enzyme expression by virus-infected cells.
The onset of protein expression under control of the basic protein, p 10 and polyhedrin promoters was analysed by time-course analysis of recombinant virus-infected cells in 35 mm Petri dishes. The viruses expressing JHE were used for this experiment. Spodoptera frugiperda cells (IPLB-Sf21 ; Vaughn et al., 1977) were cultured by adding 10 ° cells per 35 mm Petri dish. After 15 h at 28 °C, the cells were infected at 10 p.f.u./cell, with a test or control virus. After 1 h at 21 °C, the inoculum was removed and 2 ml of medium (ExCell 400; J.R.H. Biosciences) with 1% (v/v) penicillin-streptomycin (Sigma) was added. At specific times after infection, the medium was harvested from one dish per virus tested and analysed for enzyme activity. Maximum yields of JHE were noted in this small-scale culture, and the onset of expression of JHE by AcPR1 and AcUVC2(B).JHE was compared.
For quantification of the relative yields of reporter enzymes from the AcMP1, AcUW2(B) and AcRP23 constructs, spinner flasks of Sf21 cells were used. Cells were infected at 5 × 105 cells/ml in 50 ml flasks at 10 p.f.u./cell with the test or control viruses. Aliquots of cells and medium were removed at certain intervals after infection, and frozen at -20 °C prior to analysis. For analysis of fl-galactosidase expression, the medium was removed from the cells by centrifugation prior to storage.
Analysis of JHE activity. Samples from the time-course experiments were assayed for JHE activity using a newly developed colorimetric assay (McCutchen et al., 1993) based on a modification of the procedure of Ellman et al. (1961) . Specifically, 278 lal of 0.015 % 5,5'-dithiobis-2-nitrobenzoic acid in 0"05 M-sodium phosphate buffer pH 7-4 with 10 % sucrose and 20 pl enzyme solution was added per microtitre plate well. Reactions were started by addition of 2 ~tl of the colorimetric substrate HEPTAT (methyl 1-heptylthioacetothioate in ethanol) to give a final concentration of 0.2 mM. A reagent blank with no enzyme and an enzyme blank with no substrate were run as controls. Each sample was assayed in triplicate. JHE activity was measured for 2 min by monitoring the increase in yellow coloration (5-thio-2-nitrobenzoic acid) at 405 nm using a Vmax rt 96-well microtitre plate reader. Reaction rates were linear over this time.
fl-Galactosidase assay. For analysis of fl-galactosidase activity, cell samples were thawed and suspended in 100 pl of 0.25 M-Tris-HCI pH 8. Three freeze-thaw cycles were carried out. Cell debris was then removed by centrifugation, and 100 I~1 of the supernatant was taken for assay, fl-Galactosidase activity was assayed in a 96-well microtitre plate as follows. Ten p] of sample was added to 140 p.1 0-1 M-sodium phosphate buffer pH 7"5, 1 mM-MgC12 and 45 mM-2-mercaptoethanol. The reaction was initiated by addition of 50 lal of the chromogenic substrate o-nitrophenyl-fl-D-galactopyranoside (ONPG; 4 mg/ml), and monitored for 2 min at 405 nm using a Vmax R 96-well microtitre plate reader. Hydrolysis rates were linear over this time period. Each sample was assayed in triplicate.
Analyis of proteins from virus-infected cells. Proteins from spinner
culture media and cells were analysed by separation in 7'5% SDS-polyacrylamide gels. Samples were taken at certain time points from the spinner time-course experiment described above. The protein content of harvested cells was determined using the Bio-Rad protein assay, and 30 ~tg of each sample was solubilized (Laemmli, 1970) prior to loading. Samples from the 20, 38 and 66 h post-infection (p.i.) time points were analysed for each virus expressing fl-galactosidase. The gel was stained with Coomassie blue, and scanned using a Digital Imaging System (Alpha Innotech Corporation).
Results

Construction of the virus AcMP1. JHE
The virus A c M P 1. J H E was constructed for c o m p a r i s o n of r e c o m b i n a n t protein expression with A c M P 1 . lacZ. 
Analysis of JHE expression in small-scale culture
Time-course experiments in 35 m m Petri dishes using J H E as a reporter enzyme confirmed that the onset of p l 0 p r o m o t e r activity is 8 h earlier t h a n the polyhedrin p r o m o t e r u n d e r the conditions used (Fig. 1, Table 2 ). Activity of J H E expressed u n d e r control of the basic protein p r o m o t e r is detectable as early as 13 h p.i. In 35 m m Petri dishes, expression levels for r e c o m b i n a n t s with J H E u n d e r the control of the p l 0 p r o m o t e r were 1 2 3 4 5 6 7 8 9 points under control of the different promoters correlate with the enzyme activity detected in the same samples. Fig. 3 . SDS-PAGE analysis of samples taken at 20, 38 and 66 h p.i., from spinner cultures infected with AcUW2(B).lacZ (lanes 1 to 3), AcRP23. lacZ 0anes 4 to 6) or AcMP1. lacZ (lanes 7 to 9). fl-gal, flgalactosidase.
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higher from the pl0-positive virus (AcUW2(B).JHE) than from the pl0-negative virus (AcPR1), with 4.3 and 2"3 gmol HEPTAT hydrolysed/min/ml at 72 h p.i. (Table 2 ). Expression using the basic protein promoter gave the highest yield of JHE of 11"3 gmol HEPTAT hydrolysed/min/ml at 72 h p.i. (Table 2 ). JHE activity detected in media from uninfected cells or cells infected with the control virus expressing catalytically inactive JHE was not above background levels (data not shown).
Analysis of reporter enzyme yields from spinner culture
To quantify yields of enzyme from the respective viruses under conditions relevant to larger scale protein production systems, 50 ml spinner cultures of Sf21 cells were infected at a multiplicity of 10 p.f.u./cell and samples were taken over a period of 5 days p.i. Samples were assayed for enzyme activity as a measure of total enzyme expression. The yields of active enzyme from spinner cultures infected with the respective viruses were consistently highest for the AcMP1 constructs (with expression driven by the basic protein promoter), and lowest from the AcRP23 constructs (expression driven by the polyhedrin promoter) for both fl-galactosidase (Fig. 2 a) and JHE (Fig. 2 b) . To confirm that enzyme activity correlated with the amounts of protein produced, cell samples taken from the spinner flask time-course experiment were analysed by SDS-PAGE (Fig. 3) . The relative amounts of flgalactosidase expressed by each virus were assessed by scanning the gel. These data indicated that relative to the basic protein promoter, approximately 15 % and 45 % less fl-galactosidase was expressed by the pl0 and polyhedrin promoters respectively at 66 h p.i. The relative yields from the different promoters were corrected for the total protein in each lane as determined by scanning the gel. These results confirm that the amounts of /~-galactosidase protein produced at various time
D i s c u s s i o n
We have compared the expression characteristics of the basic protein, plO protein and polyhedrin promoters using extracellular (JHE) and intracellular (~-galactosidase) reporter enzymes. We have analysed the timing of onset and yield of expression as determined by assay of protein and enzyme activity levels. The question of how expression under the control of the pl0 and polyhedrin promoters differs with respect to time of expression and total yield has not been addressed directly. Min & Bishop (1991) investigated transcription by comparison of mRNA levels produced by the two promoters. In molar terms, more mRNA was transcribed by the polyhedrin promoter than by the pl0 promoter in vitro from 18 to 42 h p.i. However, the yield of a protein product is not necessarily proportional to detected mRNA levels, and will vary for example with the efficiency of translation.
For JHE under control of the pl0 promoter in the viruses tested, in vitro expression levels are greater for the p 10-positive virus (AcUW2(B). JHE) relative to the p 10-negative virus (AcPR1 ; Table 2 ). However, AcPR1 also expresses fl-galactosidase (Table 1) which can interfere with expression of other late genes (Williams et al., 1989) . That high levels of JHE expression were obtained from the pl0-negative virus AcMP1 .JHE suggests that the absence of pl0 in AcPR1 is not the main factor contributing to decreased yield of JHE relative to AcUW2(B).JHE. It may be dangerous to extrapolate too far from this result because of other minor differences in the viral constructs which may influence expression yields (Vlak et al., 1990; Weyer et al., 1990; Min & Bishop, 1991;  Table 1 ).
Similar in vitro experiments for JHE were carried out in spinner flasks (50 ml) , and in flat culture flasks (12ml) (Roelvink et al., 1992) . The absolute timing of detection of JHE activity varied with the conditions used for each time-course experiment, but relative yields were in the same order of magnitude, and times of JHE detection for the respective viruses were similar in the separate studies. In the present study, yields of JHE from AcPR1 (pl0 promoter) were not significantly different from yields of JHE from AcRP23. JHE (polyhedrin promoter). However, Roelvink et al. (1992) found yields from AcPR1 to be significantly lower than yields from AcPR3 (polyhedrin promoter). This difference may be due to the presence of lacZ in the virus AcPR3 (Roelvink et al., 1992) .
Expression of JHE was compared in this study with expression of p-galactosidase under control of the basic protein, plO protein and polyhedrin promoters. In contrast to JHE, fl-galactosidase is not exported from the cell. Direct comparison of the relative yields of the two enzymes indicates that the fate of the enzyme did not affect the expression characteristics under the conditions used. Both fl-galactosidase protein expression and enzyme activity were analysed for infected cells, to determine whether the earlier promoters drove expression of more functional enzyme. This could arise because post-translational modifications are compromised during the later stages of virus infection when the later promoters are active. For the samples analysed in this study, this does not appear to be the case. The data for fl-galactosidase parallel data acquired for JHE concerning both onset of expression from the basic protein, pl0 and polyhedrin promoters, and relative yields.
High expression yields driven by the basic protein promoter have been reported previously based on expression of fl-galactosidase from the lacZ gene (HillPerkins & , although a direct comparison with promoters other than the polyhedrin promoter had not been carried out. The data presented for the viruses in the current study show that use of the basic protein promoter is more favourable for high yield expression of foreign proteins in the baculovirus expression system than use of the prototype polyhedrin or pl0 protein promoters. Data from the time-course experiment carried out in spinner culture support the data acquired from small-scale cell cultures in 35 mm Petri dishes. The differences in JHE yield were more marked in the smallscale culture than in the spinner culture. Absolute yields will vary with culture conditions (medium, temperature, cell number, etc.), although the order of efficacy of the three promoters in terms of yield remained the same. The apparent delay in expression of the lacZ gene relative to JHE in spinner culture (Fig. 2) may be the result of limitations of the extraction procedure for flgalactosidase from the cells.
The assumption previously made is that the large amounts of polyhedrin protein in virus-infected cells are indicative of the action of a promoter stronger than those driving expression of other viral proteins. When considered in molar terms, it may well be that more basic protein than polyhedrin protein is produced by the virus. Leads to other strong viral promoters suitable for duplication in novel baculovirus transfer vectors may well arise upon re-examination of viral protein production in molar terms.
Relative expression levels of different proteins from different promoters vary due to a number of complex factors. These may include the size of the coding sequence inserted, the upstream sequences and the nature of the protein being expressed. Comparison of the expression characteristics of the viruses expressing JHE and rgalactosidase permits speculation on some of these parameters. Duplication of promoters rather than deletion of genes may be more favourable for optimization of future expression vectors. Indeed, the AcMP1 and AcUW2(B) viruses with duplicated basic protein and pl0 promoters respectively gave the highest expression yields of those tested. This approach will also allow the use of promoters of genes essential for virus replication for expression purposes. However, for insect control purposes it is important that recombinant viruses with enhanced insecticidal properties have a selective disadvantage over wild-type virus in the field, e.g. such as having the p l0 gene deleted.
If these in vitro data are predictive of in vivo experiments, they suggest significant changes in biological activity should the same chemical mediator be expressed in different viral constructs. Further research on promoters and the arrangements of genes on the viral chromosome is clearly justified for applied as well as fundamental reasons. 
